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I. INTRODUCTION

Theories to predict penetration of shaped charges have met with varying
degrees of success. Except for relatively short standoffs, penetrations
diverge greatly and never really approach idealized values. Inspection of
jets through the use of flash radiographs reveals why idealized penetration
is not a reality: because the idealized jet is not a reality. The presence
of drift velocity (seen in a radiograph as jet curvature) is suggested as
being the main cause for the variance in jet penetrations. Transverse (or
alternately drift) velocity refers to the motion of shaped-charge jet particles
in the plane perpendicular to the charge axis of the warhead (drift or trans-
verse plane). The distance travelled by a jet particle in the transverse
plane is referred to as the particle deviance.

All shaped charge jets contain drift velocity to some degree or another.
The origins of drift are naturally linked to imperfections in the warhead
itself. Lack of uniformity of liner thickness, nomhomogeneous explosive, as
well as asymmetric liner confinements must all be considered as possible
causes of drift velocity in any given round. Fissures in the explosive
material and uncentered boosters can also contribute to jet performance
that is less than perfect. With respect to the rounds studied in this
analysis, it was also noticed that rounds with pressed explosive possessed
consistently lower penetration capabilities than their cast explosive counter-
parts. One theory is that the high pressures (20,000 psi) required to press
the explosive were capable of distorting the liner. The problems charac-
terizing these pressed rounds were typical of the early days of pressing.
Technology in the area of pressing explosives has since improved to a point
where many of the problems then inherent in the rounds studied have been
corrected. Some uncased pressed rounds now show penetrations of 5.5 calibers
at 24 caliber standoff. Nonetheless, the pressed rounds that were studied
possessed adverse qualities that manifested themselves in poor jets. Thus,
with a multitude of sources for asymmetric conditions always present, it is
not surprising to find the regularity with which drift velocity occurs in jets.

An algebraic analysis can be performed to evaluate numerically the drift
velocities of the particles of a given jet. Preliminary and somewhat simpli-
fied computations indicate that drift velocity alone is sufficient to account
for major variations in jet penetrationm.

1I. MEASURING THE DRIFT VELOCITY OF A PARTICLE

The flash radiograph is the best tool to perform detailed analysis of
the shaped charge jet in flight. It would, therefore, be appropriate to
explain the nature and setup of the apparatus and how it relates to the data
obtained and used in the analysis. A diagram of the apparatus is shown in
Figure 1. The jet is radiographed from three different angles at three
different times before it finally penetrates the target. The angular sepa-
ration of each of the x-ray tubes is 45°. A sample radiograph of one of
the rounds studied is shown in Figure 2. Note the fiducial markings which
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Figure 1. Radiographic Apparatus Used to Record Flight of Shaped-Charge Jet
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lie not on but parallel to the charge axis. Data are extracted from the
radiographs by a digitizing process whereby each particle on the film is
defined by six points located on the perimeter of the particle. By this
means, calculations are made for each particle's length, diameter, velocity,
mass, momentum, and kinetic energy using procedures described by Blische
and Simmons.!

If it is assumed that the fiducials are parallel to the charge axis of
a round, the radiograph of an ideal jet would contain an image of the jet
parallel to the fiducials on all exposures. This assumption is not strictly
true, but shall be discussed in Section IV. With near perfect jets rarely
being observed, it becomes important to measure the transverse movement of
particles with respect to the charge axis. However, the location of the
charge axis is, in itself, unknown. One assumes that the charge axis is
parallel to the fiducials on all radiograph exposures, though it is not
coincident with any one of them. It becomes necessary, therefore, to choose
a workable reference. The rear of the jet has always been considered the
most stable portion. For this reason, a particle near the rear of the jet
that is readily definable in all three radiographs is chosen as the reference.
The reference axis is an axis parallel to the warhead charge axis on which
the reference particle lies. If the reference particle is not drifting in
the transverse plane, the reference axis will be coincident with the charge
axis.

To see how the transverse velocity of a particle might be measured, it
would be convenient to imagine looking down the charge axis, as if from
liner to target. Ignoring all particles of the jet except the reference
particle and the particle in question, the charge axis view of the situation
could be described by Figure 3. Note that the film shown in the figure is
just the "edge" of the film since the view is down the charge axis. The
deviance (perpendicular distance between the reference axis and the particle
in question) that is seen in the radiograph is less than or at most equal
to the actual deviance due to the cosine effect. Given the apparatus of J
Figure 1, and having exposed the three radiographs simultaneously, the
reference particle and the particle in question could be precisely loccted
with respect to each other in the transverse or drift plane. This situation
is illustrated in Figure 4. The time delay that actually exists among the
three exposures complicates matters little and three governing equations are
readily derived:

* D, /cos(0+45°)
VT = 1 - 1)
1
* _ D,/cosd
VT = 2 - (2)
2

1]. Blische, B. Simmons, "A Method for Reducing Data grom Radiographs of
Shaped-Charge Jets,” BRL Repornt ARBRL-TR-02330, Jun 81 (AD A102770).
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Ds/cos(e-45°) (3)

ts

where Dk - apparent deviance read off the K'th radiograph
t, - the time between particle formation and the K'th exposure

8 - deviation angle between path of deviation and some arbitrary
reference (chosen parallel to film 2)

Equations (1), (2), and (3) all contain two unknowns, namely magnitude
of drift velocity (V}) and angle of deviation (8). Any two of these three

equations can be solved simultaneously to yield a result for transverse
velocity, both in magnitude and direction. In reality, the equations are
solved in all three combinations, and a weighted average is taken depending
on the particle’s orientation with the radiographs. This velocity shall be
called by the name of relative drift velocity since the particles are moving
with respect to a moving reference (the reference particle).

III. THE DRIFT VELOCITY DISTRIBUTION FOR A GIVEN ROUND

When relative transverse velocities are evaluated for all the particles
of a jet, a polar plot can be made whereby a line segment with length pro-
portional to the magnitude of drift velocity is plotted at the appropriate
deviation angle in the transverse plane. A sample velocity fan is shown in
Figure S. This relative velocity fan shows a kind of spray of the jet parti-
cles away from the reference particle in the deviation plane.

When a plot is made of the axial versus transverse particle velocity
for a given round, a graph similar to Figure 6 frequently results. The data
seems to be of the form:

*

VA = KVT + VREF (4)
where: VA - axial velocity of particle
*
VT - relative transverse velocity of particle
K - constant varying from round to round
VREF - axial velocity of the reference particle

Most rounds studied were in high correlation with Equation (4).

The next quantity to determine is the drift velocity of the reference
particle from which all the calculations were made. If we assume that the
reference drift velocity is negligible, then the separation distance between
impacts of the jet tip and the reference particle would routinely exceed

13
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1/2 charge diameter (CD) at a 24 CD standoff for typical drift distributions
studied. Under such conditions, the reference particle #ill never enter the
crater created by the jet tip because of excessive drift. However, it is

not uncommon for a jet to produce a single entrance hole into the target at

24 CD standoff. Thus, the reference must possess a drift velocity which will
tend to bring the reference into the crater formed by the jet tip. An equation
is needed which expresses that the reference particle should deviate the same
distance from the charge axis as the jet tip upon reaching a target block at

a given standoff. Mathematically, the assumption is:

Dp = Dj (s)
where: D, - the distance the reference has deviated upon reaching the
target surface (magnitude only)
D. - the distance the jet tip has deviated upon reaching the
target surface (magnitude only)

Equation (5) does not preclude drift among the jet particles since it
pertains to magnitude only. An angular separation of the drifting particles
still exists and will tend to separate the jet particles at extended standoff.
For a small angular deviation among jet particles however, Equation (5)
gives jets the ability to produce single crater target impacts. It is sug-
gested solely because a compensatory reference particle drift was required and
is the best which can be proposed at this time. Since drift velocity is assumed
to be constant after a particle's formation, Equation (5) can be expressed as:

V. t, = V. t. (6)
TR R Tj j
where: VT - the absolute drift velocity of the associated particle
t - the time required for the associated particle to reach the
target surface
R - the reference particle
j - an arbitrary jet particle

ot s A P

But the time required for a particle to reach the target surface is equal
to the standoff as measured from the virtual origin (Zo) divided by the

particle's axial velocity (VA). Therefore, Equation (6) expands to:

Vo Zo . V1 % M
' R V i v,
A j
Simplifying:
v v
CY
Tr Tj
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A RELATIVE VELOCITY FAN WITH
SCALED REFERENCE VELOCITY ARROW
INDICATING MAGNITUDE AND
DIRECTION OF REFERENCE DRIFT. THE
APEX OF THE FAN REPRESENTS THE
REFERENCE PARTICLE FROM WHICH
DRIFT MEASUREMENTS WERE
ORIGINALLY TAKEN.

AN ABSOLUTE VELOCITY FAN IS
CREATED BY CONNECTING THE TAILL
OF THE REFERENCE VECTOR TO THE
RELATIVE VELOCITY FAN. THE APEX
OF THE FAN LOCATES THE CHARGE
AXIS IN THE TRANSVERSE PLANE.
THE REFERENCE PARTICLE NOW
BECOMES JUST ANOTHER DRIFTING
PARTICLE.

for a Hypothetical Drift Distribution

1

|

3

; Figure 7. Transformation of Relative Fan Into Absolute Fan
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For a crater profile in which all particles of the jet enter the target sur-
face at the same point, Equation (5) must hold for all particles, implying:

VA
v ° constant {9}
T

Since the reference is at the apex of the relative transverse velocity
fan, the refercnce velocity would appear as a vector with its tip attached to
the apex of the relative velocity fan. Its length corresponds to the drift
velocity of the reference particle and its direction indicates the direction
in which the reference is deviated. JIts direction of deviation is assumed to
be about the same as that of the slowest digitized particle. The ahsolute
velocities of the balance of the particles are calculated by vectorially
adding the reference velocity to the relative velocities of the respective
particles. Thus, an absolute drift velocity fan is created by drawing the
segments from the tail of the reference vector to the tips of the relative
drift velocity fan, (See Figure 7.) Graphically, Equation 9 implies a linear

VA VER VT plot which intercepts the origin. With the proper vectorial addi-

tion of the reference drift as just described, relative drift distributions
like Figure 6 readily map into absolute drift distributions which satisfy
Equation 9.(See Figure 8.)

There is no way to know whether this transformation into absolute veloc-
ities is the correct one. However, it is believed that the directional
assumption of the reference is a safe one, and that the Equation (5) assump-
tion is as good as any considering the need for the drift correction of
particles. In addition, the results obtained from the transformation are
supported by the experimental data. Note that Equation (9) does not guarantee
that all particles will only form a one -crater hole profile even though all
the particles should deviate the same distance from the charge axis. A large
angular spread in a jet (characterized by a wide absolute velocity fan) may
produce enough relative deviation among the particles so as to cause multiple
impacts at long standoff. Thus, the deviating factors in jets are both the
angular spread and the magnitudes of the drift velocities.

IV. THE QUESTION OF TILT

A possible and potentially fatal flaw in the previous discussion concerns
the presence of tilt. The word tilt is taken to mean a charge axis that is
not parallel to the radiograph fiducials. An original assumption was that
there was no tilt, or that charge axis and fiducials were aligned. It is
obvious that some sort of tilt must exist, however small. The answer as to
when tilt becomes critical is a bit disconcerting. Depending on the jet, a
one-degree tilt of the charge axis off the fiducials could induce an apparent
drift velocity of 160 m/sec in the jet tip as measured with respect to the
fiducials. It is likely that uncertainties of this magnitude exist regularly.

19




The consequence of tilt on a jet is an apparent drift velocity distribu-
tion,which is also governed by Equation (9), which is the assumed relation for
actual drift velocity. One may rightfully wonder whether all of the drift
velocities read off the radiographs are due completely to tilt, and whether
graphs like that of Figure 6 are a consequence of tilt alone. In fact, what
is read off the radiographs is the superposition of both tilt and real drift
velocity distributions. However, it should be noted that an important aspect
of tilt is that it cannot produce a velocity fan. All of the particles of a
jet under the influence of tilt exclusively would appear to drift in a uniform
direction. Yet, Equation (9) has been seen to hold for jets with velocity
fans spanning in excess of 90°.

The concern here is whether a nonlinear drift distribution could be
tilted" into appearing linear on the radiographs, and thus explain the data
without having the actual drift obey Equation (9). Such could only be the
case if the magnitude of actual drift were small in relation to tilted drift.
If this were the case, however, the angular spans of the velocity distributions
would also be quite small, which is usually not the case. Thus, it appears
that the actual drift velocities are at least of the same order of magnitude
as the apparent drift velocities due to tilt. Thus, it seems that the actual
drift distributions, though probably different from the measured drift dis-
tributions, can still be adequately described by Equation (9). This belief
is based only on the rounds studied. No explanation is offered as to why there
might be a relation between the axial and transverse velocities of jet parti-
cles. Also, it is uncertain as to whether this may be a general phenomena or
characteristic only of the rounds studied.

Support for Equation (9) was found in work done by Aerojet General
Corporation.? Aerojet was interested in the crater formation of individually
impacting particles. A shaped charge supplied the particles for their .
experiment. The method employed for dispersion of the particles was asymmetric
initiation. Considering that it was desired to induce much drift velocity in
the particles, the effects of tilt could be neglected in this experiment. The
target plate used in their experiment is shown in Figure 9. The particle
impacts generally lie at a constant distance from the slug impact. Assgmlng
the slug flight path to be coincident with the charge axis, Equation 9 is the
governing equation.

A penetration code was created to predict penetrations for nonideal
shaped-charge jets. Unlike the DSM model,3 which can express penetrazion in
a single equation, the model developed analyzes the jet piecemeal. It is des-
cribed in detail in the following section.

2 K. N. Kreyenhagen, J. E. Ferguson, R. R. Randatf, J. P. Joyce, "Special
Explosive Projectons," Proc. éth Symposium HypervelLocdity Impact, Vol. T
(Hetd CLeveland, Ohio, Apnll 30-May Z, T1983).

3 R. DiPensio, J. Simon, A, Merendino, "Penetrnation of Shaped-Change Jets

Into Metallic Targets," Ballistic Research Laboratory Repont No. 1296,
Septemben, 1965 (AD 476717).
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Figure 9. Target Plate for Asymmetrically Initiated
Shaped Charge (Reference 2)




V. THE CREATION OF A PENETRATION CODE TO ANALYZE DRIFT

The purpose of analyzing drift velocity distributions of shaped-charge
jets is to see how these distributions affect penetration. The dynamics of
penetration is not, however, a thoroughly understood subject. Many theories
exist in attempts to discribe the mechanical properties of matter. Classical,
empirical and even wave mechanical concepts are used in pursuit of the subject.
Consequently, rather than adding to the spectrum of theories that already exist,
the author chose to draw upon information already available on the subject
whenever possible and to combine views in a seemingly compatible manner.

One shaped-charge penetration model that has received much attention in
recent years was formulated by DiPersio, Simon, and Merendino (the DSM model) .3
This model does a good job at predicting penetration of shaped charges even at
extended standoffs. The model accomplished this however, by implying that
there exists a cutoff penetration velocity, a minimum penetration velocity below
which a jet cannot penetrate. Unfortunately, the DSM cutoff penetration
velocity implies that jet material traveling below certain hypervelocity
speeds is incapable of penetrating target material. Substantial quantities
of jet material are thus eliminated from the penetration process. The DSM
model is empirically based and really attempts only to describe the data at
hand and does not enter an intense theoretical discussion to describe the
origins of jet cutoff other than citing that it exists experimentally. The
work presented in this report suggests that the drift of particles off axis
is largely responsible for reduced jet penetration, whereby drifting particles
strike the target not at the bottom of the hole but somewhere up the hole
profile. This commencement of sidewall impacts frequently seems to constitute
a cutoff in jet penetration, since the overall depth of penetration is not
altered by a sidewall impact.

A method, therefore, had to be devised which would allow penetration to
be a function of drift velocity. Three-dimensional finite difference codes
were not considered due to a coupling of availability and cost. Yet, a three-
dimensional description of penetration was required since the source of altered
penetration is the spread of the particles off of the one-dimensional axis.
Consequently, all aspects of particle pen>tration would have to be_considered:
size, shape, and orientation of crater formation in a three-dimensional target
block.

The code developed in the present work (referred to as PENJET) includes
many simplifications and assumptions. The first assumption concerns the
shape of crater formed by an impinging jet particle. The chosen shapg wa
that of an ellipsoid, with the ellipsoid being characterized by a position
in three-dimensional space, dimensions along the axes, as well as an orxgnta-
tion in space (as shown in Figure 10). The position of particle ?mpact is
determined by using the velocity fan of a round to trace the particles’ .
flight through three-dimensional space and time in order to locate the Partlcle
position with respect to the instantaneous hole profile (formed.by earlier
particles of the jet). If a particle is found to strike any point within the
target, PENJET then proceeds through a series of calculations to deteym1ne‘
the remainder of crater parameters. Once the crater formed by‘a particle is
effectively evaluated, PENJET proceeds through subsequent particles $§ the
jet until impacts for all digitized particles have been evaluated. us,
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(XY,Z) LOCATION OF IMPACT IN 3-D SPACE
P MAGNITUDE OF PARTICLE PENETRATION
R MAGNITUDE OF CRATER RADIUS

P\, P, P; PENETRATION AXIS
(A UNIT VECTOR IN 3-D SPACE)

Figure 10. Parameters Generated by PENJET to Describe
Crater Formed by Impinging Jet Particle
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CRATERS TAKE
SHAPE OF
ELLIPSOIDS

Figure 11. PENJET Hole Profile Results from Ellipsoid Superposition
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a hole profile for a complete jet is just the superposition qf ellipsoids from
each of the particle impacts. A two-dimensional representation of a three-
dimensional hole profile is shown in Figure 11 for a fictitious nondrifting

jet. When evaluating the crater formed by an impinging jet particle, crater
volume is a constraining factor. That is to say, crater volume is calculated
independently of other crater parameters and is assumed to be a function of
particle kinetic energy alone. Subsequent calculations for actual crater
dimensions are, therefore, constrained by the allowable volumetric target
displacement a given particle can produce. The function governing the volume
energy relationship is a linear one, similar to that adopted by DiPersio,
Simon, and Merendino.3 The distinction arises in the fact that the DSM model
expresses its proportionality constant as a relationship between total jet
kinetic energy and total hole volume. PENJET,on the other hand, bases its
constant on the energy of the individual particle. It is not surprising to
find, therefore, that the DSM constant differs from its PENJET counterpart.
Consider also, that the energy constant of PENJET does not strictly define an
exact amount of displaced target material. As mentioned previously, the hole
profile of PENJET is the superposition of ellipsoid craters corresponding to
each of the jet particles. The orientation of these ellipsoids will greatly
affect the spacial overlap of the ellipsoids, and thus the overall volumetric
target displacement of a given jet. Because of this spacial overlap of
particle craters, the overall crater volume as calculated by PENJET is not
the summation of particle energies divided by the energy constant. Estimation
of the constant was gotten empirically through examination of target blocks
as well as hole profile data.

The crater shape of an individual impact is prescribed (as an ellipsoid)
and the particle's crater volume is proportional to its own kinetic energy.
Therefore, knowledge of a particle's penetration capability will allow the
particle's hole radius to be computed and vice versa. In PENJET, depth of
penetration is computed, with crater radius being subsequently determined.

The model of particle penetration used in the code is based on the work of
Fitzgerald,“ who draws on the work of Kineke® to imply that crater formation
occurs in a direction perpendicular to the stricken surface., Fitzgerald calls
this phenomenon the wave refraction theory and shows that it applied to a
single particle striking a flat plate at some obliquity (Figure 12). PENJET
uses the concept in a more general sense by applying the wave refraction theory
to local obliquities as well. Local obliquity is defined as the angle between
the particle flight axis and the normal to the impact plane. llnless the im-
pinging particle strikes exactly at the bottom of the hole profile, the re-
fracted pnenetration wave will not be normal to the original target surface
(Figure 13). 1In the strict sense, the refracted wave theory should only be
applicable in the regime of hydrodynamic penetration. A large majority of
narticle impacts studied did not fit the qualification for hydrodynamic pene-
tration. For these cases, the direction of penetration would be somewhere
between the particle flight axis and the refracted wave axis. It was later
noted that the penetration of a particle typically varied less than 5% because
of the refracted wave assumption.

“E..Fitzgeralq, Particle Waves and Deformatiom in Crystalline Solide, Inter-
science Publishers, New York, 1966.

5 : .
J. Kineke, Jr. "An Experimental Study of Crater Formation in Metallie Tar-

gets " Proc. 4th Symposium Hypervelocity Impact, Vol. I (Held Eqlin A
Florfaa, April 26-28, 1960). A glin AFB,
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Crater Formation According to Refracted Particle Wave Theory
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Jet penetration in the continuous mode is quite a different matter from
in the particulate mode. Modifications, therefore, had to be included to
describe continuocus jet penetration. The criterion on which to base mode of
penetration is that of breakup time. PENJET uses a linear breakup equation
whereby the jet tip particulates at some thin and subsequent particle breakup

occurs at regular At intervals. Estimates of jet particulation are obtained
through examination of the radiographs for the three different exposures.
These estimates are then used in a least squares fit to evaluate thin and At.

Based on the estimated breakup time, it can be established whether a given
particle will be penetrating continuously or particulately at a given standoff.
If continuous, the length of the particle is re-evaluated such that:

: i U7/ S (10)
CONTINUOUS tBREAK PARTICULATED

Also, it is assumed that jet penetrating in the continuous mode does not
experience the refracted particle wave of Figure 12. This must, of course be
the case since the continuous particle is essentially beginning its penetra-
tion exactly when and where the previous particle leaves off.

PENJET also considers particle orientation with respect to the stricken
crater surface. The assumed shape of a shaped-charge particle is cvlindrical,
being characterized by a length and diameter. As local obliquity is increased,
the length of the particle as seen by the impact point is effectively changed.
(See Figure 14.) The extreme case is when local obliquity approaches 90°.

In this case, the effective length of the particle apnroaches the diameter of
the particle. Hydrodynamically, the penetration of a particle is proportional
to the particle length. Thus, the effective particle length replaces the
particle length in penetration calculations.

The presence of obliquity raises more questions. The larger the obliquity,
the smaller the component of particle velocity perpendicular to the stricken
surface. Once in the hypervelocity regime, large changes in particle velocity
produce relatively small changes in penetration. If particle velocity is too
small, however, the strength of the target and jet play a major role in reduc-
ing the penetration of that particle. Besides the effective particle length
that the target ''sees', it is believed that an effective velocity also plays
a role in determining depth of peneiration. Whereas penetration is assumed to
be directly proportional to effective length, the role that effective velocity
plays is not nearly so profound. As long as the effective velocity is in
the hypervelocity regime (arbitrarily chosen as any velocity above 2mm/usec),
penetration is assumed greater than the effective particle length for copper
jet into an RHA target. As effective velocity increases, penetration is
assumed to asymptotically approach the hydrodynamically idealized value.

That is: e —
AP > Leff/y where y = v pT/fj

29




PENE TRATION/PARTICLE LENGTH

1.5

1.0

0.5

0.0

-

VEF;=V cos 6

LOCAL OBLIQUITY

L
Y

.....................
seve
T

7 HYDRODYNAMIC +

7 STRENGTH TERMS

(Verr-2.0)2

/L=l.0-—(r7-2—-'/

!
o
/ y {Vere-0.8)?
P/Lz0.0 / 0.72
SN T o (R W N U Y Y W O Y W U U T O O O O O
0 ) 2 3 4 S

EFFECTIVE VELOCITY (mm/us)

Figure 15. The Role of Effective Velocity in Penetration Calculations

Involving Copper Jets Against Steel Targets
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The asymptotic approach is generated using the hydrodynamic equations, includ-
ing strength terms. For effective velocities below 2mm/usec, penetration
rapidly decreases in a manner expressed in Figure 15 so that no penetration

is induced when the effective particle velocity is lowered beyond .8 mm/usec.
Data for the effective velocity curve in the low velocity regime was gathered
from work by Weirauch.® Impacts of this nature may be the source of particle
residue shown by Simon and DiPersio’ to accumulate at the bottom of the

hole profile. PENJET, however, does not consider this tyvpe of interference.

VI. APPLYING THE CODE TO DATA

Given a set of digitized radiographic data, PENJET will go through all
of the mentioned calculations for each digitized particle of the jet to even-
tually create a three-dimensional hole profile for a given round at a given
standoff. If the code is told to use the data of a given round to perform

penetration calculations at a variety of standoffs, a theoretical penetrat:ion

standoff curve can be generated for each round. This curve is, of course, only
valid for a particular round. Thus, each generated curve is as individual as

the data from which it was generated, and does not, in general, pertain to all
rounds of the same type.

The code has both its good and bad aspects. A major consequence is that
tilt has no direct effect on the code's ability to calculate penetration. This
happens because tilt does not misalign the particles, Rather. it onlv redefines the
charge axis. The particles still drift with respect to each other in the same
fashion despite measurements including tilt. Much emphasis was previously
placed on tilt for the reason that it would be advantageous to obtain drift
distributions unbiased by tilt. In terms of the penetration calculations,
though, tilt of and by itself has no effect.

Tilt does, however, indirectly affect the situation in terms of reference
drift calculations. As relative drift velocity (as calculated from the radio-
graphs) is the superposition of tilted and actual drift, abnormal relative
drift distributions can occasionally result depending on how the two components
of measured drift interact with each other. Correspondingly, abnormal relative
drift distributions lead to abnormal extrapolations of reference drift, thus
making the calculated reference drift suspect. After all, the calculation of
reference drift is only an educated approximation: Pirection of the drift is based
an jet particle orientation, while magnitude of drift velocity is based on Equa-
tion (9). Therefore, unlike relative drift computations, which are as good as
accuracy of measurement, reference drift is only as good as the governing
assumptions. Thus, the poorer the approximation at reference drift, the poorer the
quality of penetration calculations.

6 G. letlirauch, "The Behavior of Copper Pine Upon Impacting Various Materials
With Veloeities Between 50 m/s and 1650 m/ss" (Doctoral Thesis) University
of Karlsruhe, 1971.

7 J. Simon, R. DiPersio, "Experimental Verification of Standoff Fffects on
Shaped-Charge Jet Cutoff in Solid Targets,” Ballistic Research Laboratory
Memorandum No. 1976, May 1969 (AD 854396).
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Another drawback to the code results from the radiographs themselves.
The code can only analyze particles that have been digitized. In mrs+ radio-

graphs some portion of the jet that is visihle has not yet particulated.
Attempting to separate the continuous jet into digitizable portions has met
with some success, though likely at the cost of accuracy of particle length,
since the continuous particles are still stretching when digitized. Also,
most radiographs don't even contain the complete jet, for there is still jet
matter that hasn't reached the plane of the film by the time it is exposed.
Thus, there is no way to digitize these particles. For the rounds studied, it
is estimated that over 40% of the jet was routinely nondigitizable.

To what extent the ability to digitize particles affects the penetration
code predictions depends on the quality of the jet. In fact, the poorer the
jet is, the less predictions are affected. If the undigitized particles drift
far enough off course from the front portion of the jet, they will never make
it to the bottom of the hole profile to add to penetration. In this situa-
tion, calculations based only on the particles digitized should produce
results compatible with calculations involving all particles. Since distance
of deviation is directly proportional to time in flight which is directly
proportional to standoff, longer standoffs will also decrease the penetration
effectiveness of the rear of the jet. Thus, penetration predictions at short
standoff are subject to unavoidable error since the undigitized jet portion
is still capable of increasing jet penetration. The fact that the penetration
effectiveness of the jet rear is predicted to decrease with increasing
standoff correlates with the DSM concept of minimum jet velocity increasing
with standoff, 3

Having kept these reservations in mind, the results of the code based on
data from four rounds are illustrated in Figures 16-19. The only factor govern-
ing the choice of these particular four rounds was penetration; that is,
rounds were chosen with varying penetrations ranging from poor to good. The
code was run at standoff increments out to 38 CD. The actual rounds were
fired at 24 CD standoff to allow radiography, and the actual penetrations
achieved are shown on each of the graphs as a single datum. Steplike varia-
tions in the code's predictions result because of the discreteness of the
impacting particles: Either a particle made it to the bottom of a hole profile
or it did not. Major fluctuations in the code predictions can be taken to
imply uncertainty in the jet performance. Uncertainty as to whether two or
three given particles make it to the bottom of the hole profile can create
penetration variations in excess of 1/2 CD. A curve was drawn to fit the
code's predictions on each of the rounds, though a band width of uncertainty
should be realized as well. This curve is PENJET's prediction of penetration,
assuming that one could fire the exact same round over and over again at
various standoffs. Since we know that the predictions at short standoff are
inaccurate due to nondigitizable jet, the code's predictions on Figures 16-
19 are generally unreliable below 10 CD. The curve, however, should be valid
at the standoff of 24 CD at which the rounds were actually fired.
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All of the codes's predictions were in reasonable agreement with experi-
ment except for Round 2332. Upon studying this round for possible causes of
discrepancy, it was noted that the round uniquely had what shall be called
a switchback angular spiral. This falls into the category of abnormal rela-
tive drift distributions. Most jets contain drift distributions such that
the jet particles spiral in only one direction (either clockwise or counter-
clockwise) throughout the jet. Figure 5, for example, shows a jet spiralling
counterclockwise from jet tip to tail. A switchback angular spiral is one
in which one part of the jet spirals in one direction, while the subsequent
portion of the jet spirals in the opposite direction. Switchback is thought
to be a product of abnormal tilt/drift combinations such that subsequent
computation of reference drift might be quite inaccurate. As set forth before,
an inaccurate reference extrapolation leads to inaccurate penetration calcula-
tions.

Figure 20 shows how the actual weapon routinely performs. In order to
test whether PENJET could predict the average penetration at standoffs near
the peak performance of the round, a radiograph containing a complete and
fully particulated jet would be required for digitization. As mentioned pre-
viously, no available radiographs fulfilled these requirements. A radiograph
was obtained, however, of a complete jet which was not fully particulated.
Though not completely digitizable, the presence of a complete jet greatly
facilitated estimation of many jet parameters (e.g. velocity of jet rear,
drift with respect to jet rear, and total jet length). By this means, the
rear of the jet which was not digitizable could be simulated into particles
based on analysis of the radiograph containing the continuous jet rear.

Figure 21 shows the PENJET prediction of the round that includes the jet rear
simulation. The actual datum as well as optimum performance for this type of
round are included in order to put PENJET calculations in perspective.

The importance of a complete jet at short standoff is shown in Figure 22.
The penetration standoff curve for Round 2331 is shown here. Superimposed
upon it are curves showing the amount of residual penetration resulting from
different fractions of the complete jet. The points at which the curves meet
signify that the number of particles producing the superimposed curves are
also the same number of particles producing the total residual penetration at
that point. For example, PENJET's predictions at 11.5 CD standoff imply that
predicting penetration using 40 particles would be just as accurate as using
51 particles. Anything less than 40 particles at that standoff would, however,
produce inaccurate results. For the 24 CD standoff at which the round was
actually fired, less than 20 digitized particles would be required for an
accurate description of penetration. At short standoff. however, even 51
particles do not completely describe the penetration capabilities of Round
2331. Estimates are that below 8 CD standoff, particles beyond particle 51
were also capable of adding to penetration. For better quality rounds, though,
as illustrated by Round 2937 in Figure 23, more particles are required even
at longer standoffs to accurately describe penetration. For example, more
than 50 digitized particles would be required for standoffs out to 25 CD for
this particular round.

38




+0z 2an8TJ wWOIy palrdjsuex] eBIed 9dUBWIOFISd wnuwridy :9ION

uoTiB(NUIS 1B9Y 33 POPNIIUI 9Y3 YITM LE67 PUnoy Jo SsIsATeuy 17 aindty
(@D} 440ANVIS NIDIYO IVNIYIA
oy St 0] s 01 A Sl ol S
r T T T T T T T

wWniva 1valdov
FONVWIO43Id WNWILJO TVIIdAL
SNOILDIQ3Yd L3I(N3d o

NOWLVINWIS 131 dV3I¥/LE6Z ANNOY

™ ~N
(@) NOILV¥LIN3Id

A

wy

39




S O  LTTEL B8 LT Y M - eiisbabindo A b Bt e e I S N e

1€£$Z punoy 3o SUOTIIod 3L IdUTISIQ 3O A3111qede)y uorjeazdusd ‘zZ 2In3T4

(@D) 3JOANVIS NIOIO TVNISIA
oy G¢ ot 4 0z i ot S

I ! 1 J LI Tl N T

$31D113vd 1S ONIgv31 O
S$31DIL¥vd O ONIgvi1 O
S31D11¥vd 0€ ONIgvY3I1 O
$31D113vd 0Z ONIQVY3I1 ¥
$31D1L3Vd OL ONIQV3l o
:40 NOILVY¥13IN3d
LEEZ ANNOY

(@D) NOILVILINId

40




LE6Z PUNOY JO SUOTII0G I3 IDUTISIQ 3O A3111qede) uoyyeajauad gz dIndrd

(@) 340QNVLS NIORO 1VNLYIA

ov 11 ot 114 ot St ot S 0

1 LU ! L

e m —— — —— o o]

{(s31D11Mvd €8} 13r 3131dWOI O
S3DILYVd 05 ONIavIl &
$31D113Vd ST ONIQV3IT »

:40 NOUVIiINId
NOLVIOWIS 137 3Vv3I¥/LE6T ANNOY

{@D) NOILV¥LIN3Id

41




Figure 24. PENJET Predictions of Hole Profile for Round 2334
at 23 CD Standoff. Penetration in Cone Diameters.
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Figure 25. PENJET Predictions of Hole Profile for Round 2937 at 23
CD Standoff. Penetration in Cone Diameters.
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Figure 26. Code Predictions of Rear-Jet Ineffectiveness Due to
Side Wall Impacts of Drifting Particles
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Figure 27. Orthogonal Views of Projected Hole Profile of Round 2331 at 18 CD
Standoff as Predicted by PENJET. Penetration in Cone Diameters.
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Figure 28. Increase of Side-Wall Impacts Predicted at Longer Standoffs
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Figure 29. Orthogonal Views of Projected Hole Profile of Round 2331 at 23 CD
Standoff as Predicted by PENJET. Penetration in Cone Diameters.
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Figure 30. The Effect of Side Wall Impacts is Not Only to
Decrease Penetration, But to Widen Crater.
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Figure 31.

Orthogonal Views of Projected Hole Profile of Round 2331 at 38 CD
Standoff as Predicted by PENJET. Penetration in Cone Diameters.
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Besides showing a semblance of agreement between code and experiment,
Figures 16-19 show that drift alone can easily account for rapid decreases in
penetration as is often experienced by rounds at extended standoffs. The
process by which penetration is decreased is one of sidewall impacts. This
process was briefly mentioned before as a phenomenon which sometimes renders
a particle ineffectual. The majority of sidewall impacts, though, are not so
oblique as to disrupt penetration; most sidewall impacts go into creating
wider hole profiles.

As an example of the devastating effects of drift velocity on jet penetra-
tion, a comparison of PENJET's hole profile predictions is shown for two
separate rounds in Figures 24 and 25. The plots represent orthogonal views
of the target block as described by PENJET. Both sets of calculations were
performed at the same standoff (23 CD). The stark contrast of jet perform-
ance is noted not only in terms of depth of penetration, but also in terms of
crater width. Sidewall impacts do not occur until much later in the penetration
process for Round 2937, thus allowing more of the jet to contribute to the
overall penetration.

Figure 26 is PENJET's prediction as to where in the hole profile each
particle of Round 2331 strikes the target block at 18 CD standoff. Note that
particle number is in order of formation, (Jet tip is particle 1.) It is seen
that once a particle is blocked from reaching the bottom of the hole, it will
usually begin the widening process somewhere up the profile. Subsequent
particles try to work their way back down again. This process continues until
no jet is left with which to penetrate the target. A plot of the hole profile
as generated by PENJET is shown in Figure 27 as two orthogonal views of the
target block. Graphs and plots for the same round are shown again at longer
standoffs in Figures 28-31. It is seen that penetration is progressively
lower because sidewall impacts occur earlier in the penetration process.
Consequently, crater diameter progressively increases at longer standoffs.
Thus, for Round 2331 at a standoff of 23 CD the total penetration capability
of the jet as predicted by PENJET is contained within the first 18 particles.

The profile at 38 CD sharply illustrates the effects of drift velocity
on jet penetration. The spread of the particles was so great as to cause the
beginnings of a dual crater within 1 CD of the target surface. Thus, the
ineffectiveness of the jet rear is seen. Any nondigitized portion of
Round 2331 would probably produce its penetration in the vicinity of the
particle 51 crater, far from the point of maximum penetration.

Thus, the decreases in penetration as predicted by PENJET are due mainly
to the presence of drift velocities among the particles. Drift causes scatter-
ing of the particles and eventually, at some critical standoff, elimination
of the particles from the crater deepening process via the mechanism of side-
wall impacts.
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VII. CONCLUSIONS

The ability to compute drift velocities for the particles of a shaped -
charge jet is thought to be significant. In its own right, quantification of
drift velocity aids in understanding the nature of the nonideal jet. A
degrece of imperfection may also be placed upon the jet in hopes of classifying
a jet with regard to its quality.

The concept of how a jet penctrates is better understood when drift
velocity is considered in the penetration picture. The process of sidewall
impacts as a hinderance to penetration can be verified by inspection of actual
target blocks. This process is rcminiscent of the jet cutoff velocity which
varies with standoff as proposed by Dipersio, Simon, and Merendino 3 in that
the velocity of the particle striking deepest in the hole profile can be con-
sidered a cutoff velocity with respect to jet penetration. Implications here
are that a jet could approach ideal penetration had drift velocity not been
present.  Larger craters would also make jets more insensitive to drift.
Weaker targets allow for a wider crater for a given jet particle. Thus, the
reduced probability of sidewall impact would allow greater penetration.

Compared to armor, a target of mild stcel hydrodynamically should not
affect the penetration of a given jet. It will affect penetration, however,
when drift velocity is present in the jet. DiPersio and Simon 8 verified this
experimentally by firing jets into steel targets of varying hardness. Increas-
ing crater size could alternatcly be accomplished by means of increasing the
jet's energy. If dynamic impact did not induce additional drift in the jet,
projecting the round into the target, as is the case under field conditiomns ,
should produce greater penetration than the static detonation of the same
round. This cannot be verified experimentally, however, due mainly to the
complexity of dynamic impact. Besides possessing possible yaw and pitch, the
dynamic round is moving with respect to the target during the jet formation
nrocess. This relative motion can manifest itself in the form of drift.
Dynamically detonated rounds do, however, create wider craters than their
static counterparts as expected.

It is suggested that futurc investigations attempt to analyze drift from
the viewpoint of warhead causes. The first step in understanding penetration
in terms of drift has hopefully been set forth in this report. The ability to
analyze drift as a function of the warhead would be the link between the
imperfect warhead and nonideal penetration. Eventually, the possibility
exists wherc warhead tolerances may be uscd to place limits upon the drift
velocity distributions for a round so that penetration might be expressible
as a function of charge tolerances.

8R. DiPersio, J. Simon, "The Effect of Target Hardness on the Penmetration Capa-
bility of Shaped-Charge Jets," BRL Report No. 1408, July 1968 (AD 838991).
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APPENDIX A

PROGRAM LISTING
AND

VARIABLE NAME DESCRIPTIONS




The drift velocity and PENJET programs were written as direct additions
to Blische's and Simmons' radiograph-data-reduction program (Reference 1)
introduced in BRL Report 2330. Therefore, a listing of PENJET must
be accompanied by the program which generates data for use within PENJET. The
right-hand edge of the listing reveals where the statements in question
originated. "GETREADY" are nonexecutable statements required for BRL Report
2330, PENJET, or both. "BRL 2330" is the bulk of Blische's and Simmons'
program with minor revisions for PENJET applicability. '"JETBREAK" is a
revision for jet breakup calculations. "DRIFT" is used to calculate the drift
distribution for a round while "PENJET" is the jet penetration program. The
program is written in FORTRAN IV. An explanation of the program variables is
inserted after the program listing.

1t should be noted that even though Blische's and Simmons' program is
versatile enough to run using data from only two X-ray flash exposures,
PENJET is geared to the standard 3 flash setup and will require modifications
to run otherwise.

Explanation for the program variable names found in the program segment
identified as "BRL 2330'" can be found in BRL Report 2330 (Reference 1).
Should one wish to identify variables within the program segment "GETREADY,"
the other segments should be consulted, as all "GETREADY" variables are con-
tained within other segments. All other significant variables are listed
under their appropriate program segment.




PROGRAM MAIN{INPUT,OUTPUT,TAPES=INPUT, TAPEGeDUTPUT)

O IMENS ION

$1(1001,5212000,530100)»VOL(100),XL(100)sDTAL100),

1V1(100),V211001,V3(100),VELI100),XNASS(100), XKELL100) »SUNKE (1000,
2ELO0(1000 9 XXLE100),BUNLEL00),IXL0),IYIO)0IRIG)2Y (0D,
3BREAK(100)sSUMNASL100),8(10000),DA13),00(3),XNAGII)

DUMENSTON
OIMENS ION
t

DIMENSEION
DUMENS ION
OIHENS 10N
OINENSION
OTHENSTION
OTHENSION
DINENS ION
1

DIMENSION
DIMENS ION
DINENSION
1

OIMENS ION
DYMENSION
D'IMENS 10N

AAE253)9CCI2)oRR(300)5AF(500),51612),TT(2)

DS (3}« THETA1100) »VETRAY1100),T10100),T72(100),73¢100),
REF(3)

AVSTL100),BETA(100)

PHIL100),PHIRII00),VTABSI100)

EPS165°100),WT D)

VX {1000, ¥Y1100)

R{2)

vratioo)

T(100),%1100)sY(1000s2Z1200)»UCLO0}, RADEUST(100),PEN(100),
H¥OL [100)

N C1100)

ISUBC100),PENT (1001, PENNAX(100)
VE100,3)5VN11001,VAL10053),VARC100),VP (100,31, VPN(100},
RGRAD1100,3),RCN(100)9GRAD(L0053),AR(100+3 019 PREL00s 3)
RL1I00)»RVEL{100)

OL1100),KWAL 1000, TAU(100)

TP(100)5RD(100)

REAL KD12»XD23,XD13

REAL INCR
DINENS ION

SA(10)5SB(101,SC(10)9SD(10),SEC10),SF(1009SLIC1I00,

15L2410)»SL3110)pST(10),L1(100),L2(100)5L3(100)

DYMENS 10N

P1100),TOTP(100)» SUNDTA(L1007, SUNLEN(1000,XDTAC100),0EL V¢

1100), SDELV(100), SUMDEL 1100}

DIMENSION
DIMENSION

XVOL( 3100}
A21100,100)

DATA SA(1},5A(2)»SALI)/10HVELOCLITY (9 1OHNM/MICROSE, IHCI>/
DATA SBE13,5B(2),SB(3)710HCUNULATIVE»10H NASS (GRA,4HNS)>/
DATA SCU1V¥58SC(200SCU3),SC(4)/710HPOSTTION Ap1OHLONG JET Lo ICHENGTH

1{NN ) 1 H>/

DATA SDIL),S0(2)5SD(3)1/710HCUNULATIVEY10H KoEo (JOUs SHLES) >/
DATA SE(2),SE(2)9SEL3)sSE(G)/LONDISTANCE FolOHRON CHARGES1CH BASE

1UnNY, 10>/

DATA SF(1)»SFU2),SFU3)/10HBREAK-UP To1O0HINE (MICROy SHSEC)>/
DATA SLA(1)/BHELASH 1>/
DATA SL2(1)/OHFLASH 2>/
DATA SLICIN/OHFLASH 3>/

DAYA MPA MPARSMPART, MCOs MCON)MCONT7HPART y4HECUL 9 AHATEDy 4H CONys4HT

11NU, 4HOUS

[

FORMAT(3IIS»F5.206F10.3)
FORMAT(T7F10.9)

FORMAT(2T13)

1

2

6 FORMAT(8F10.5)

1

O FORMAT(121%,2Xe11,2%X,319)

READ(8921) ICASES,LCL
TFIEQF(5)) 23923
23 00 300 13=1,TCASES
22 READ(So L INROUNDs NPART ,NFLASH)RHCs (XKMAGI(TI) 921530, FLASHLISFLASH2,

1FLASHY

TELEOF(9)) 24,24
24 ENCODE (21+200STUL)) NROUNO
20 FORMAT(10HROUND NUMB, 4HER oIS, 2H >}

READ(S5y 2)

FOCUS19FOCUS2, FOCUSIoFIASF24sF3A0F4A

TFIEQF (5)) 25,20

23 READ(3,0)

FLOsF28,F38oF48,FI1CoF2C,)FIC,FaC

IF(EOF (5)) 26,20

26 RO=RHO

AFILCL.NE.

1) GO 0 29

58

GCETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETRELOY
GETREADY
GETREAOY
GETREADY
GETREADY
GETREAOY
CETREAOY
GETREAQY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREAQY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GFTREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GETREADY
GFTREADY
GETREADY
GETREADY
8RL 2330
BRL2330
BRL 2330
8RL 2330
BRL 2330
8R1 2330
BRL 2330
BR1 23130
SRL2330
8fL 2330
BRL 2330
8RL 2330
BRL 2330
ARL 2330
BR1L 2330
8RL 2330
BRL 2330
8RL 2330
SRL 2330




o AT M T

RHO=0, 8ei 2330 21

c SRL2330 22
4 ROUND INFORMATION CARD NEXTY B8RL2330 23
29 PRINT 5 8RL 2330 2%
PREINT 35 NROUND RHO, {XMAGIN) )N»1sI)s FOCUS 1o FOCUS2,FOCUSIeFLASHISFL BRL 2330 25
LASH2ZyFLASHI ORL 2330 26

3 FORMAT(#/#//220Ks *ROUND NUMBER %5159 //920Xs *LINER DENSITY(GR/CC)- BRL2330 27
1 Y9F8,10/920%s *HAGNIFICATION FACTOR>*93F9.%«/,20X5"0DISTANCE FRON L BRL2330 28
2INER BASE TO FOCAL POINT(NN) '/, 25Ns 'FLASH 1= ®,Fb.1e/e25X,'FLASH BRL2330 29
32~ "9F6.15/p2%Ks "FLASH 3= '5F6,1,/920X,'DELAY TINES (NICROSEC)I®y /e BRL233O 30
Q29X %FLASH 1= ®oFb.10fs25X9*FLASH 2= Y9F0.10/7+29X,'FLASH 3= Y,Fb.1 BRL2330 3l
5 8RL 2330 2

RHO=RO 8RL 2330 33
PRINT S : BRL 2330 34
5 FORMAT(1IN1) 8RL 2330 3
. PRINT & 8R12330 36
4 FORMAT (21X, PARTICLE AVG. VELOCITY TOTAL JEV BREAK-UP?,/,2 BRL2330 37
12%s "NUMBER®, Xy~ (MN/NICROSEC)*» IN, *LENGTHINA) *»3Xs* (PICROSEC)*H»/) BRL2330 38
PI=3.18159 sRi 2330 39
00 1350 U=1,NFLASH aRL 2330 40
00 149 Je=1,NPARY ARL 2330 41
READ(S+30NIINIK}sIY(K)9oK=1o8)sLo IFILM, IRDUND, IPARY BRL 2330 42
IF(EQOF(S5)) 32,32 BRL 2330 43
32 00 35 Meleb 8RL 2330 &4
IX(M)I=FLOAT(TIX(N)IZ15.59006 aRL 2330 45
35 ZY{M)=FLOATLIVINII/13,5906 8RL 2330 46
AZCT )= CE2ZY(2002Y(5))/2.0¢XNAG(T) BRL2330 47
TF(IX(0).EQ.2X(2)) 6O TO 40 8RL 23130 48
RIn SOSQRTC(IN(LI-IX(6)ICO24(TV(L1I-LY{6))002)¢XNAG(]) 8RL2330 49
R22 S8SQRY((IX{2)-IX(5))10024(2ZV(2)~2Y(5))002)eXNAG(]) 8RL 2330 50
RIn SOSARTI(IX(II-2X(4IIO024 (Y3 )-2V(4))002) O XNAG(TY 8R1L2330 31
PIN=(IX(1)e2N(B)Y/2, 8RL2330 52
PLY=(ZY(1)e2V () )/2. BRL2330 53
P2X={ZXCI)eZX(A) Y2, SRL2330 54
P2Y=(2Y(3)eZV (&) )/2, 8RL2330 5
PIX=CTXL2)eTXISI)/2. 8RL2330 56
P3IV=(TY(2V4ZV(BYY/2, BRL 2330 37
AH1eSORTLIPIN-PIX) €24 (PLY=-P3Y ) S82)0XNAGL]Y 8RL2330 S8
XH2=SORTIIPIN-P2X}SS24(PIV~P2Y )02} ANAGLY) BRL 2330 59
P1Z=PiX 8RL 2330 60
P1Xap2% 8RL 2330 61
6070 45 8RL 2330 62
40 PiX=ZX(1) 8RL2330 63
45 TF(L.EQ.2) GOTO 55 oRrL 2330 (1)
IF(L.EQ.3) GOTO 65 8RL 2330 (1]
IFCIFILM.EQ. 2} GO TO &7 SR 2330 66
IPLIFILN.EQ.3) GO TO 48 BRL 2330 67
IF(IFILN.EQ.4) GO TD 49 8RL2330 68
S1(J)=FOCUSI-(FRA-PIX)OANAG(]) 8RL 2330 69
60 70 1% sRiL2330 70
A7 S1(J)FOCUSL-{F2A-PIX)eXMAGLT) B8RL 2330 n
60 7o 1% 8RL 2330 T2
48 S1(J)=FOCUSL1¢(FIA+PIXISANAGIT) BRL 2330 73
60 10 19 8RL 2330 T4
49 ST(UIFOCUSLI+(FAALPLX)*XNAGLT) Rt 2330 %
15 TF(2X(1).€Q.2X(2)) GO TO %0 aRL 2330 7%
L1{d)e0 RRL 2330 n
6070 7% BRL2330 70
50 L1(d)e] 8RL 2330 79
6070 60 BRL2330 80
59 I1F(IFILN.EQ.2) GO VO 37 8RL2330 (2]
IF(IFILA.EQ.3) GO TO 5@ SRL 2330 82
IFCTIFILM.EQ.4) 60 TO 59 8RL 2330 83
S2(J1eFOCUS2-(F1B8-P1X)OXNAGIT) 8rL 2330 (.13
39




114
L1

59
18

60
[1]

o7
[-1)

69
1?7

10

7S VOL(JI)s VOL(II+(PTOXHLIZI.O(R1$S2¢RI1EN24N2OC2)+PIOAH2 /I ¢ (R20024R2¢

60 10 16
S2131=FOCUS2-(F28-PIX)OXMAGILT)

60 T0 16
S2(8)=FOCUS2+(FIB+P1X)OXNAGCLT)

G0 Y0 18
S2(J)eFOCUS2+(FABePLXIOXNAGIT)
VICINIe(S2¢I)-SALU) I CFLASH2-FLASH])
TFIINCLIEQ. IXL2)) €O YO 60
L2(4)=0

6aTo 75

L24Jd)e]

GOT0 80

IFINFLASM.EQ.2) GDTD BO
TFUIFILN.EQ.2) 60 YO &7
TFLIFILM.EQ.3) GO TO &8
TFUIFILN.EQ.4) GO TO 69
S31J)sFOCUSI-(FLIC~-PIX)IOXNAGIT)

60 10 17
$3(JI=FOCUSI-(F2C~PLX)OXRAGII)

60 10 17
S3(J)eFOCUSIS(FIC+PLIXIOXMAGII)

60 10 17
SICII=FOCUSIe(FoCoPlX)oXNAGIT)
V2031=(83CI1-S2¢J) I/ (FLASHI-FLASH2)
VILIIa (B3I (II-SL (I IZLFLASHI-FLASHL)
TFLIX()).EQ.2X(2)) GO YD 70O
L3tJ1=0

60v0 79

L3tJt=]

60Tn 80

1R3eR3002))

PIX=P17

AVOL(I, 80 PISXHLI/3,0(RICO24R1CR24N2202)4PIOKHZ/I C(R29924R2ORD

1R3I%e2)

[ 2]

%0

93

100

149
130

XVOL(TeJd)e XVOLUT,J)¢.0010RHD

XLUSIeXL(OIoSORT((PIX-P2ZX) 0024 (PLY~P2YISO2)¢XNAGII)

DIA(JY=DTALS) ¢2,0R2
CONTINUE

MF(T.LTLNFLASH) GOYD 149
TF(NFLASH.EQ.2) 60TD 83

TFILICJY.EQe1 . AND.L2(J) EQe1,AND.LI(J}.EQ.1) GO TO 149
TFIL2(3)FQ.0.AND.L20J).EQ.0.AND.LI{J).EQ.0) GO TO 90

IF(L20J).EQ. 1. AND.L31J).EQ.1) GO TO 99
TFILI(3).EQ.1.AND.L3C)).EQ.1) 6O TO 9%
TFOL1CIDLEQ.1.AND L2¢J),.EQ.2) GO TO 9%
IF{L2¢(J).EQ.0.AND.L3(J).EQ,0) GO YO 100
TFIL1{JI.EQ.0.AND.L2(J).EQ.0) G0 VD 100
IF(L1CJY.EQ. 0. AND.L2(¥).EQ.0) GO TO 100
TF(LICIIEQ.L.AND.L2(JI.EQ.1) GO TO 149
TFIL109).€Q.0.AND.L2(0).EQ.0) 6O 10 100
IF(L10JI.EQ.0.0R.L2(J).EQ.0) GO TO 95
XMASS(J)sVOL (3)4.00173,9RH0
XL(UIeXL(JI/3,

DIALI)=DIACII /3,

6070 149

XHASS(U)=VOL {J)®.0010RNOD

GOTD 149

XNASS(J)=VOL(J)9.001/2.9RH0

XLCJIexL (B)72,

0IAtJIaDIACIY /2,

CONTINUE

CONTINUE

60

81 2330
anL 2330
8RL 2330
SRL 2330
sRL 2330
8Rt 2330
BRL 2330
SRL2330
R 2330
SRL 2330
BRL 2330
SR 2330
L2330
arL2330
sRL 2330
8RL 2330
8R{ 2330
AR( 2330
BRL 2330
BRL 2330
SRL 2330
BRL 2330
B8RL2330
SRL 2330
BRL 2330
SRL 2330
BRL2330
BRL2330
8R1 2330
BRL2330
sRL2330
BRL 2330
8RL 23230
ARL 2330
BRL 2330
SR 2330
BRL2330
BRL2330
BRL 2330
B8R 2330
BRL 2330
8RL2330
80t 2330
8RL 2330
aRL 2330
8RL 2330
L2330
8R(L 2330
8RL 2330
8R1 2330
8RL 2330
8RL 2330
BRL2330
aRtL 23130
BRL 2330
SR 2330
ARL23%0
SRL 2330
kL2330
8RL 2330
SRL 2330
8RL 2330
8RL 2330
JETBREAK




[ SROK IS THE NUMBER OF JET PARTICLES THAT HAVE PARTICULATEOD AS OF JE TBREAK 2

[4 EXPOSURE TIMES 1o 20 AND 3 RESPECTIVELY. TVOLAY IS THE DELAY TINE JEVRREAK 3

4 BETWEEN DETONATION AND JET FORNATION {NICROSEC). JETBREAK 4

c JETBREAK $

READ(5,%) BROK1,BROK2,8ROK3, TOLAY JEYBREAK [

P2=BROK14BROKZ+0ROK3 JETBREAK 7

TZeFLASHLIOFLASH24FLASHY JETBREAK [

PAYT2=BRONIOFLASHI4BROK2OFLASH2 +BRDXISFLASHY JEVBREAK 9

PBYPIsBROK169248RAK20¢248R0OK 302 JETSREAK 10

L1s(PBYTZ=-(P2eT2/3.))/(PRYPL-(P2¥e2/1,)) JETBREAK 1

PBAReP 2/, JETBREAK 12

TAVGeTL1Y, . . JETBREAK 13

DO Q70 Ns3,NPART BRL2330 148

TFINFLABH.EQ. 216070 199 BRL2330 149

VELINI(VIINISVZINDeVIINIY /I 0,1 BRL2330 150

GOT0 160 8RL 2330 151

155 VEL(N)eVLINI®,) 8RL2330 1%2

160 SURL(N)=XLIN)eSURLIN=1) BRL 2330 153

SUMRAS (N)eXMASS (N)¢SUNNAS(N=-1) BRL2330 19%¢

ELOD(N}aXL (N)/DTAIND BRL2330 159

VELINI=VELIN)®LO. BRL2330 156

XKE(N) =, 3OXNASS (NI O, 001 (VEL(NI®1000,)002 8RL2330 157

BUBKE (NI e XKE(N) s SUNKE (N-1) BRL2330 1%8

PINISVELINI® XNASS (N} 8RL2330 159

TOTP{N)=PINI+TOTP(N-1) BRL 2320 160

SUNDTAIN)sSURDIA(N-1)401A(N) SRL 2330 161

BREAK(N)=TAVG4TIO(N-PBAR)~TDLAY JETAREAK 14

60Te 170 BRL2330 162

169 BREAK{1)=0.0 BRL 2330 163

170 PRINT 1719 NoVEL (N} SUMLIN),BREAKIN) BRL2330 164

171 FORMAT(23X592,10UpF0.399eFO.2» TUsFbO 1) BRL2330 165

PRINT $2 SRL2330 166

B2 FORMAT (1ML, 20X, *PARTICLES» ARy *VELOCITY1®s 0Ky *VELOCITY29 06Xy BRL2330 167

LOVELOCITYI?, /7,220, 'NUNRDERS 9 3X» " (NMN/NICROSEC) V52X, *CAN/RICROSECI*y DBRL233O0 168

22Xe P (MM/NICROSEC) ) SRL2330 169

DO 172 Jui,NPART ORL233C 1T0

172 PRINT 1735 JoV1UJI,V200),¥3L0) 8RL2330 171

173 FORMAT(23X,T29 Mo F0.39""»F06,309%5F0.3) 8RL2330 172

PRINT 175 BRL2330 173

175 FORMAT (1M1 220Xy *PARTICLE LENGTA  DIA, LID RASS TOTAL 3 BRL2330 174

TETCo/o22K0 *NURBER s SA5 *CMR) 56X 0 (NN, 0K, Y (GRANS )14 2Xs THASS(GRANS BRL 2330 17%

21 % /) 8RL2330 176

DD 176 T=1,NPARY 8RL 2330 177

176 PRINT 177+ 1sXLUE)eOI 2110, ELODIT),YNASS(T 1o SURRAS(T) 8RL2330 178

177 FORMATI2INg 298 NsF Ao oMo Fa Yo 2XsFloly6XeFS,2,3X0F8,2) SRL 2330 179

PRINT 603 BRL2230 100

603 FORMAT(1HL20Xe * PARTICLE?; 4Xo PNASSIYoOXy " NASS2%9 9N *MASSD? /522X, BRL2330 181

TONUMBER® ;425 Y IGRANS YO s TN, (GRANS VTR, (CRANRS)®y /) 8RL 2330 182

DO 400 Je=l,NPARY 8RL2330 163

1] 8RL 2330 184

600 WRITE(6,602) (Ju XVOLITJ, XVOL(T*15J)0XVOLLTI42040) BRL2330 183

602 FORMATI2IXN,12,0XoF0.4906X0F0,4)0X,F0,4) 8RL233C 188

PRINT 180 8RL 2330 107

100 FORMAT(LHI»ZO0Xy * PARTICLE K.E. TOVAL JET DISTANCE FROM CH BRL2330 188

LARGE BABEY s/, 22X, 'NUMBER ', 429 ¢ {SOULES) s 3N KECJOULES) 9 2Xo'FLASH BRL23IO 109

2175 2Xs 'EFLASH 29 2% *FLASH 3,7/) arL 2330 190

00 181 1=1,NPART arL2330 19

101 PRINT 102¢ IoXKECI),SUMECTISLILD,S2¢T1,SICTY 8rg 2330 192

192 FORMAT (23X, T2 TRoFO.0p4NsF 8,094 X9 F3.0,4Ke F5.0,4X,5F3,0) ARL 2330 19)

PRINT 1813 ARt 2330 194

183 FORMATIIMI, 20X *PARTICLE 54X, "NONENTURY &X' TOTAL JET?, /922X, *NUND BRL2330 198

1ERS, 4N, Y IRG-N/SEC) ", N, YRONENTUR Y, /) SR 2330 196

D0 183 Te1),NPaRT i 2330 197

189 PRINT 104, 1,P(1),T0TP(1) SRL2330 192
61




184 FORNAT(23IX,12,)9K9Fb6.20TX9F6,2) ’ 8RL 22330 199

D0 192 Ne2,NPARY BRL2330 200
SUNLEN(N) sSUNLENIN=1)+ L (M) 8RL2330 201
ADIAIN )= XDIAIN=-1)¢DIAIN) BRL 2330 202
TF(N.EOQ.2) GO TO 191 BRL2330 203
DELVIN)SVELIN=-1)-VELIN) BRL2330 204
60 D 192 8RL2330 203
191 DELVINISVEL(1)-VELIND BRL2330 206
192 SDELVIN)=SDELVIN-1)+DELVIN)} BRL2330 207
00 193 J=3,NPART BRL2330 208
195 SUNDEL(U)=DELV(S)+SUNDEL(J-1) BRL2330 209
AVL1aSUNL(NPARTIZFLOATINPART) BRL2330 210
AVL2eSUNLENINPART)/FLOATINPART-Y) : 8RL 2330 211
AVOl=SUNDTAINPART)I/ZFLOAT(NPART} SRL2330 212
AVD2=XDIAINPART ) /FLOATINPART-1) 8RL2330 213
ADELVL=SDELVINPART)/FLOAT(NPART~1) SRL2330 214
ADELV2eSUMDEL(NPART) /FLOAT (NPART-2) BRL2330 215
PRINT 200s AVL1s AVL2» AVOD1s AVD2» ADELV1yADELV2 BRL2330 216

200 FORMAT (1M1 /777194The *MITH JET TIP VID TYP'9/520Ke® AVERAGE PARY BRL2330 217
LICLE LENGYMH ' s7XsFb.207XsF0.2s/7920X,%AVERAGE PARTYICLE DIANETER®,0X, BRL2330 210
2F3.2s0KoF9.29/920%s " AVERAGE CHANGE IN VELOCITY®,6X9FA.209X,F0.2) aRL2330 219

Pt e

PRINT 303 BRL2330 220
NRAe2 SRL2330 221
NNl BRL2330 222
1C-0 L2330 22)
CALL POLYLSCVELsS1oNPARTSAASNRA,NNsCCoRR)AF)ERNS93IGoTToOE T, 1C) ML2330 224
WRITE(6s41) CC(T) oRL2330 225
DS(19eCC UL BRL2330 226
41 FORNAT(20X,¢ VIRTUAL ORTGIN FOR FLASH 1=¢,F12.6) RL2330 227
CALL POLYLS(VEL»SZoNPARTsARsNRASNN»CCoRRs APy ERNSo STIGo T T,0E Ty 1C? sRL2330 228
VRTTE(6e 42} CC(1) PRL2330 229
DS(2)eCC(1) BRL2330 230
42 FORMAT(20X,* VIRTUAL ORIGIN FOR FLASH 22'»F12.6) BRL2330 23}
IF(L.LT.3) 6D TD 315 aRL2330 232
CALL POLYLSCVELy S3vNPART,AAs NRASNN,CCyRRy AF o ERNSSTGe TToDET,1C) mL2330 233
WRITE(S,43) CCI1) BRL2330 23
05(3)eCClL} BRL2330 235
43 FORMAT(20Ks* VIRTUAL ORIGIN FOR FLASH 3e%,F12.6) eRL2330 236
c ORYFY 1
¢ DRIFY CALCULATIONS ORIFY 2
c ORTFY 3
< ORIET . 5
¢ EACH REF REFERS TO THE DISVANCE BETWEEN THE REFERENCE PARTICLE ORTFT s !
¢ AND VHE FIDUCIAL FRON WHERE ALL OTHER WEASURENENTS ARE TAKEN. DRYFY 6
¢ REF IS TAKEN IN MR AND SHOULD BE THE ACTUAL DISTANCE READ OFF DF  ORTFY 7
¢ THE FILN. IT WILL THEM 8E NULTIPLIED BY THE MAG FACTOR(WNEICH ORIFT )
¢ SHOULD WAVE BEEN ENTERED AS DATA IN BRL2330) NOTEy IF XPAG IS ORIET 9
¢ LESS THAN 1. 5 THEN THE FILN PORTRAYS AN INAGE LARGER THAN REALITY DRYFT 10
¢ OREFT 1
READ(S9®) REF(1)oREF(2),REF(I) ORIFY 12
REF(1)REF(L)OXNAG(Y) ORIFY 13
REF(2)sREF (2)4XNAG(2) ORIFT 1
REF(3)sREF(3)0XNAG(I) ORIFT 13
00 401 Je1,3 DRYFY 16
00 400 To1,NPART ORIFT 17
400 AZ(SpT)eA2(391)=REF(ID ORIET 18
401 CONTINUE oRTFY 19
PRINT 33 ortetT 20
33 FORMAT(1H1,21XsPARTICLE?» 8X,YOEVIANCE FROM PATH (NM)®,/s213X, ORTET 21 :
LYNUMBER Y, 6X, S FLASH 1 ELASH 2 FLASHM 39,7} ORIFY 22
DO 800 JJJ=1,NPART ORYFT 1)
WRITE (60361 JJSsAZ(1oJd01oA2(20848),A213,444) oRTFT 24
36 FORMAT(24K,12,8X,F0.393KsF8,353XpF08.3) DRYFT 23
€00 CONTINUE ORTFT 26 -
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MHMOON

402

405

450

440

449

470

400

469
471
472

473
474

475

D0 491 Ts1,NPART
TUI)(SLAII-OS(1II/VELLL)
V2(11e(S2C1)=-05(2))/VELLI)
T3(T)=8S3{1)-DSII)I/VELLY)

KO12=AZ (2o TD€T2(1V7CAL(2,1)08T1(]1))
KD23sAZ(2,11ST3LI)Z7(ALI3,T)0T2¢(]))
KD13=AZ{La1)0TF3C(I)/CAL(I,)¢TI(T))
DO 403 §=1,3

SFIAZIUS XIREF(J)) 403,402,405
THETA(L)0.0

VETRAV(I)=0.0

GO0 To 491

CONTINUE

SOLVING FOR THETA USING FIRST VWO GOVERNING EQUATIONS

TH12+ATAN(2,00KD127S0RT(2.001~1,0)
IF(THI2.LT.0.0)THI2eTHI24PT

SCLVING FOR THETA USING LAST TWO GOVERNING EQUATIONS

TH23=ATAN(1.0-2.0/(S0RT(2.0)0KD23))
TFITH23.LT.0.00TH2I=TH23+PT

TFLABS (TH12-TH231,.LT.PI/2.0)60 TO 449
IFITH23.LT.TH12)60 TD 40
TH12=TH12+ M

60 TO 449

TH12eTH12-P1

SCLVING FOR THETA USING FIRST AND LAST GOVERNING TQUATIONS

TH13=ATANL(KD13-1.0)/(KD13+1.0))
TF(THI3Z.LT.0.00TH13=TH13+PT
IF(ABS(TH23-TH13).LT.P]/2.0060 TO 469
TFITH23.LT.TH13)60 TO 469
TH13I=TH134P1

60 TO 489

TH13=TH13-P}

FINDING AN AVERAGE VALUE POR THETA AND PLACENG IT IN THE PROPER
QUADRANT

THY=(TH124TH23¢THL3) /3.0
TFL(TH23-PTI/2.000A2(2,1)) 4T1,473,472
THETA(I)=THY
60 Y0 480
THETA( L} =THVIPT
TH12=TH124P1
THZ3sTH23ePL
TH13eTH1 3+P]
TFOTHETA(TI)-THV.GT 1. TITHVeTHV+PT
60 YO 480
TFITHLII) 474,4739475
THETA(T)=THV+PL
TH12=TH12+P1
THZ3sTH230P1
TH13=TH13eP1
TF(THETACL)=THY .GT. L. 7ITHVeTHV+PY
G0 TD 480
THETALT) o THY

CALCULATING RELATIVE TRANSVERSE VELOCITVIES WNILE ASSIGNING
WEIGHTED VALUES...(DEPENDING ON YHE PARTICLES® ORIENTATION
VATH THE FLASH X-RAY)
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ORIFT
ORIFT
ORIFTY
ORTIFTY
DRIFT
DRYFY
ORIFY
DRIFTY
ORIFY
DRIFY
ORIFY
DRIFT
ORIFY
DRIFY
ORIFT
ORIFY
ORIFT
DRIFT
DRIFT
ORIFTY
ORIFY
ORIFTY
ORIFY
ORYFY
ORIFT
ORYFY
ORIFY
ORIFT
ORIFTY
ORIFTY
ORIFY
ORIFT
DRYFY
DRIFY
ORIFT
ORYIFTY
ORIFTY
DRIFT
DRIFY
ORI¥Y
ORIFT
ORIFT
ORIFTY
ORTFT
ORIFT
ORIFTY
ORIFY
ORIFT
ORTFT
ORIFY
ORIFTY
ORIFY
ORIFY
DRIFTY
ORIFY
ORTFTY
ORIFT
DRIFY
NRIFTY
ORIFY
DRIFY
ORIFTY
ORI1FT
ORPIFY
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480 VETR12=AZ(1,8)/(COB(THIZ~P1/4.010T2(1)101000.0

VETR23A212,1)7({COSITH23)*T2(11)91000.0

VETR13aAZ(3, 117 (COSITHI3+PT/4,0)¢7311))¢1000.0

EPSIL, I)sAZt1,TI*SINCTHL2-P1/4. 018 (THLIZ-THVI/TL(T)91000.0
74COS(THI2~PL1/6.0)) %02

EPS(2,1)oAZ12,1)8SINCTH2I) ¢{TH2I-THYVI€1000.0/V2( 1)
7(COSITH23)) 002

1
EPS(3,T10AZ(3, 1)1 SINITHIZ4PT /4,019 (THII-THV)/T3(])¢1000.0

1

7(COSITHIIPT1/4,0))002
EPS (6 100A2{ 15 1) #SINCTHIZ=PT/4.014(THII-THVI/T1(1191000.0
FUCOS(THII-PL/4,0)) 002

1
EPS IS, 1)0A2(2,1)0SINITHIZ) *{THI2-THV101000.0/T2¢ 1)

7(COSITHI2) V882

1
EPSU6, 1) eAZ( 3, 1IOSTNITH2IOPT/4, 000 (TH23-THVI/T3(11¢1000.0
i

2(COSITH2IePL/4,0)) %02
DO 481 J=1,6

481 EPSUJ,1)eABS(EPS(Jv]))

€P3UMS0.0
DO 482 3=1,6

402 EPSUM=1.0/EPS{Js TI4EPSUN

DO %83 J=1,6

483 WT(J)el,07LEPS(Y,1)*EPSUN)

1

VETRAVITI=MT (1) OVETRLI24NT(2ISVETR2IUTIIDOVETRIIAUT(4IOVETRI2

SUT(S)IOVETR2I4UT (HIOVETRID
CONVERT THETA TO DEGREES

490 THETA(I)=180.0¢THETACII/PI
491 CONTINUE

492 FORMATI1HIw21X» Y PARTICLE? ) X, *RELATIVE TRANSVERSE®»IXs *RELATIVE *»
PDEVIANCE 97 523%s *NUMBERY, DX, YVELOCETY (MH/S)*59%s *ANGLE e

494
495

392

393
394

391

1
2

PRINT 492

* (DEGREES)'»/)
DO 495 KelsNPARY
WRITE(69 §96) KoVETRAVIKI» THETA(KY
PORMAT (24X,12508%sF6.2517X,F5.1)
CONTINUVE

TRANSLATE APPARENT VALUES INTO ABSOLUTE VALUES
R(21+0.0
GUESSTNG AT AN INITIAL DEVIANCE ANGLE FOR THE REFERENCE

THINSTHETA(L)

THAX=THETALL)

MINDEXe]

MAXOEX =]

00 391 Te2,NPART

TRCTHETA(T ) LY. THIN.OR.THIN-THETACTI) (L T.-300.160 TO 392
60 10 393

THINeTHETA(T)

NINDEX]

60 70 39

TROTHETALT) 6T . THAX . OR.THAX~THETA(II .67.300.) &0 TO 394
60 10 301

THAR=THETALT)

NAXDEX=]

CONTINUE

IF{NINDEX, GT.MARDEX) GO TO 2393

1NCR=,0034907

TNETAOD=THE TA (NAXDEX)~180.

60 10 39¢

ORTFT
ORIFY
DRIFY
ORIFY
DRIFY
ORIFY
ORYFY
ORTFY
ORIFY
ORIFY
ORIFY
DRIFY
DRIFTY
DRIFY
ORIFY
ORIFY
DRIFY
ORIFTY
DRIFTY
ORIFY
DRIFY
DRIFY
DRIFY
ORIFY
DRIFT
ORIFY
ORIFTY
ORIFT
ORIFT
ORTFY
ORIFY
ORIFTY
ORIFT
ORTFY
ORIFY
DRIFY
ORIFT
DRIFY
ORIFT
ORIFT
OR1EY
ORIFTY
ORIFY
ORIFTY
ORIFT
DRIFY
DRIFY
DRYFT
ORTIFT
DRIFY
ORIFT
ORIFT
DRIFT
ORIFY
ORIFY
DRIFTY
DRIFY
ORIFY
DRIFTY
DRIFY
ORIFTY
ORIFT
DRIFT
ORYIFY
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395 INCRs~-,.0034907
THETAD=THETAIMINDEX) =180,

396 ORCS=0.0
00 999 Yel,NPARTY
THETALI)=THETAIT)®P1/180.0
VX(TIeVETRAV(IIOCOB(THETACL))

099 VYIT)eVETRAVIIICSIN(THETALLS)
THOR=THETAQ®P1/190.0

902 R{1)=R(2)
TTOTLIFIX(.122173/748S(INCR))
D0 1100 NOT=1,1TOTL
THOR=THOR+ INCR

903 V10=0.0

FINODING THE MAGNTITUDE OF REFERENCE TRANSVERSE VELOCITYTHAY wILL
MAKE IT PROPORTIONAL 7O THE AXIAL VELOCITY

00 736 1=1,NPARY
786 VTABS(E)I=VETRAVII)
904 VYD=VT70+10.0
INC=100
60 T0 909
90% VT0=VT0+1,0
INC=10
60 10 909
906 VIOsVTO+¢,1
INCs)
909 VxOsVIO®COS{THOR)
VYOeVTOSSIN(THOR )
DO 907 Te=1,NPARY
907 VIABSIIISSORTIIVI(II-VIDICS24(VY{I)=¥VO)IO0Q)

STATISTICAL CALCULATIONS FOR A LINEAR REGRESSION

802 73¢0.0
A$=0.0
TOYAS«0.0
T8YTS«0.0
ABYAS=0,.0
KLESS=0
00 900 1=1,NPARY
IF(ABS(VIABS(TI)~VTO} .LE. 1.00 GO TO 700
TSoVIABB(I)+TS
ASeVELIT)oAS
TOVASSYTASSCIICVELII)4TBYVAS
TBYTSeVTABSITIOC2+TRYTS
ABYASSYEL (1)0024ABYAS
60 70 900

700 KLESSoKLESS+]

900 CONTINUE
CO1=(TBYAS-(TSOAS/ INPART-KLESS)) )/ (TRYTS-(7S062/ (NPART~KLESS)))
CO2=(TBYAS~{TSOAS/INPART-KLESS) I}/ (ABYAS=LASC02/ (NPART-KLESS)))
C0=1C01+1.0/C02)72.0
TEAR«TS/ (NPART-XLESS)

ABARCAS/ {NPART-KLESS)

XINTTBAR=-ABAR/CO

IFIXINT.LT.0.0 AND, INC.EQ.100) 60 TD 904
TFIXINTALT.0.0 AND. ENC.EQ.100 GO TO 909
IFIXINT.LT7.0.0 AND. INC.EQ.1} €0 TQ 906
TFIINC-10) 912,9115910

910 VT0«VT0-11.0
60 T0 903

911 VIO»¥T0~-1.1
€0 70 90¢
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DRIFT
ORIFT
ORIFY
ORIFTY
ORIFY
ORIFY
DRIFY
ORYFT
ORIFY
DRIFY
DRIFY
ORIFT
DRIFY
DRIFY
ORIFY
ORIFY
ORIFT
ORIFY
ORIFY
ORIFY
ORIFY
ORIFY
ORTFY
DRIFT
ORIFY
ORIFT
ORIFY
ORTFY
ORI FY
ORIFY
ORTFY
ORIFTY
DRIFY
DRYFTY
ORIFTY
ORIFY
ORTIFY
ORTFY
ORIFY
ORIFY
ORIFTY
DRIFY
ORIFTY
ORIFT
DRIFY
ORIFT
ORIFT
ORIFT
DRIFT
ORIFT
ORIFT
DRIFTY
ORTFT
ORIFY
ORYFY
DRIFY
ORIFT
ORIFT
ORIFY
ORIFT
ORIFY
DRIFY
ORIFT
ORIFY

15%
156
157
1%
1%9
160
161
162
163
164
165
166
167
168
169
170
m
172
1m
174
175
176
imn
178
1719
180
101
102
103
18¢
189
186
187
188
169

191
192
193
194
19%
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
216
213
216
217
210
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912 R{2)=SQRT(COLeCO2)
IF(R(2),6T.R(1}) 6O VO 1101
60 10 1100
1101 R{1)=R{2)

vi08evT0

THORS» THOR

DO 1102 IB=1eNPART
1102 VVB{I8)=VTABS(TD)
1100 CONTINUE

VT70evTO8

THOR=THORS

00 1103 I81=1,NPART
1103 VIABSLIBE)=VIB(IOI)

790 00 813 Nel,NPART
TF(I(VTABSEINI-VTO)}.LE. 1.0) GO TO 811
PHYIN) « THE TA (N) - THOR
BETAINICASINIVETRAVINIOSIN(PHI(N] ) /VTABS(N)I®100,0/P]
AVST(N)=VELIN) /VTABS(NI®1000.0
60 Y0 813

911 VVABS(IN} 0.0
BETA(N)«0.0
AVYSTINI=0,0

815 CONTINUE
PRINT 702

702 FORMATIINLH21X,)YPARTICLE s X9 S ABSOLUTE TRANSVERSE®, X, *ABSOLUTE ¢y

1 WANGULAR® ,SX9 *AXIAL VELOCITY OVER®,/,23Xe *NUNBER®9OX,*VEL Y,
2 C0CITY (M/5)%»4X,"DEVIANCE WRT REFERENCE TRANSVERSE VELOC®y
3 11TV, /)

D0 710 Jel,NPART
WRITE(G»707) J,VVABS(I)IBETALIISAVST(I)
TOT7 FORNAT(24X,12916X5F6.2,1%K9F8.1517XsF6,.2)
710 CONTINUE
PRENT 712,VT0
712 FORMAT(7,22X, *THE TRANSVERSE VELOCITY OF THE REFERENCE IS f»
1 F6.29% N/S*)
PRINT T713¢ R(2)
T13 . DRMAT(/,22%,*THE CORRELATION COEFFECIENT FOR THIS REGRESSJON',
1 IS eF3.4)

* 9 904 PENJIET 60000

ECONST §S THE ENERGY REQUIRED TO CREATE ONE CUBIC-MM OF HOLE
YOLUME. RHOJ 1§ JET DENSITY IN G/CU-MN. SIGJ IS JET STRENGTH IN
MEGAPABCALS.. RHOY AND SIGT ARE THE CORRESPONOTING TARGET
VARIABLES

READ{3,300)ECONST,RHOJ»STGIeRHOT, STGT
300 FORMAT(3F10.4)

ININ IS THE MINIWUM STANOOFF AT WHECH PENJET WILL EVALUATE THE
GIVEN DRIFT DISTRIBUTION. ZIMAX IS THE MAXIMUM STANOOFF 7O BE
ANALYZED., ZINC IS THE INCREMENT BSETWEEN STANDOFF ANALYZATION.
ALL MEASUREWNENTS ARE IN NN,

READ(59 39THININy ZNAX, ZINC
397 FORMAT(3F10.1)
D0 301 I=1,NPART
BETACTIBETA(I)®3,14159/180,
RADIUS(I)=0.0
PEN(1) 0.0
RLITI=XLIT)
RVEL(T)eVELLT)
301 CONTINUVE

66

ORTFY
DRIFY
DRIFY
ORIFY
ORIFTY
ORIFY
ORIFY
ORTFY
DRIFY
ORIFY
ORIFY
ORTIFT
ORIFY
ORYFY
ORTFY
ORYFT
DRIFY
ORIFY
ORIFTY
ORIFTY
DRIFT
DRIFY
ORIFY
ORIFY
DRIFY
ORIFTY
ORTFTY
ORYFY
ORIFT
ORIFT
ORIFTY
ORYFTY
ORYFY
DRIFY
ORIFY
ORIFT
ORIFT
ORIFT
PENJET
PENJET
PENJEY
PENJET
PENJETY
PENJETY
PENJET
PENJET
PENJET
PENJET
PENJET
PENJETY
PENJET
PENJETY
PENJET
PENJEY
PENJET
PENJET
PENJET
PENJETY
PENJETY
PENJET
PENJETY
PENSET
PENJET
PENJET




NA1=NPART-] : PENJEY 27
GARNA=SORY{RHOT/RHOJ) PENJET 28
2SUBD=ININ-2 INC PENJEY 29
K2SUN=0 PENJEY 30
280 ISUBQ0=ISUBD+ZINC PENJETY 31
KISUNeKZISUNe1 PENJETY 32
PENMAR(KZISUN}I=O, PENJETY 33
ISUBIKZISUM)=ISUBO PENJET 34
C PENJETY 35
4 THIS LOOP EVALUATES EACH DIGITIZED PARTICLE PEHJEY 36 .
4 PENJET 37
291 00 209 U=1,NPART PENJEY 3s
NCC{I)eO . PENJEY 39
NG=0 PENJET 4«0
269 V(I)=(2SUBO-XL{T)-(DS(1)+4DS(2)¢0S(3))/3,-2.999)/VELL]) PENJEY &1
DELT=3./VELLL) PENJET 42
JMIN=] PENJEY 43
(4 PENJETY L1}
4 LOCATING A PARTICLE IN 3~D SPACE...THEN FINODING WHETHER IT SYRIKES PENJET 45
4 THE HOLE PROFILE. IF IT OOESN'Ye THEN TIME IS INCREMENTED UNTIL PENJETY &6
[4 INPACT OCCURS. PENJET 47
4 PENJET 46
201 TUI)eT(N)IDELY PENJET 49
205 XUI)=VEL(Y)/AVST(I)ST(IPOCOSIBETALI)) PENJEY 50
YOI =X (EVOTANCBETALLEY) PENJET 51
TUTVeVELCIIOT(LI=2SUBQAXL(LIF(OB(R1¢0S(2I«0S(3F1/3, PENJET 52
IF(NO.EQ.2]! &0 7O 210 PENJET 33
IF(241),L7.0.0) 60 YD 201 PENJETY 54
TFIT.EQ.Y AND. T(I).LT.BREAK(IIIGOTO 202 PENJET 55
IF(1.€Q0.1160 7O 210 PENJET %6
KLESSed~-1 PENJETY 57
DO 206 ¥oJMINSKLESS PENJET 36
TF(PENLI).LT..01760 TO 206 PENJET %9
VilsldeX(1)=213) PENJET 60
VI, 2)e¥LL)=-YLJ) PENJET 61
Vil et~} PENJETY 62
VRIT)eSQRYIVIIo1)0024Y(1,2)0024V(],2)002) PENJET 63
VAR(TIeV(I 1 IOGRADIIALIOV(Ts 200GRADIS5214VIT3IOGRADLI, D) PENJEY (1)
VAR(T)eARSIVANIIY) PENJET 65
VPR(T)oSQRTIABSIVNITI)**2-VAN{])®02)) PENJET 66
TFOCYPRITIGDIALTI/2,0002/RADTUS (J)0C20VANITICO2/PEN(J)002,67.1.0) PENJEY 67
¢ 60 10 206 PENJET 68
IF(NQ.EQ.1960 TO 210 PENJET 69
JHUINY PENJEY 70
60 10 201 : PENJEY T
206 CONTINUE PENJEY 72
207 NQel PENJETY 73
TFIINTN.EQ.KLESS «AND. 2{I).LE..1) GO VO 200 PENJEY T4
T(I)eT(I)=-DELTTO.0 PENJET 75
G0 10 209 PENJET 76
208 T(1)=(2SUBO-XLII)-(DS(1)e0S(2)4D5(3)2/3.)/VELL]) PENJET "
HQe2 PENJET 78
60 TO 205 PENJET 79
C PENJEY 80
C FINDING THE EFFECTS OF THE PARTVICLE PENETRATION PENJET 12}
C PENJET 82
210 IF(I.NE.1 .AND, NO.NE.2)G0 TO 202 PENJETY 83
GRAD(1,17=0.0 PENJETY 84
GRAD(1,2)20,.0 PENJET 83
CRA0(1s31-2.0 PENJET 86
60 To 25 PENJET 87
C PENJET 1]
C IF A PARTECLE IS5 NOT IN TME CONTINUOUS MODE, TME AXIS OF PENJETY 89
4 PENETRATION 1S TVALUATED PENJEY 90 i
67




[ PENJET 91

202 TFAT(I).LT.BREAK(I)INCC(T) =2 PENJET 92
JFE1.EQ.] AND, NCC(I).EQ,1160TC1999 PENJET 9
TE(T(T).LT.BREAKCI)IXLIT) e XL(TIOY (1) /BREAKLI) PENJET %
Inle1-1 PENJET 93
IF(T(T).LT.BREAR(T) LAND. Z{I).GT.Z(IN1))GOTO 1999 PENJET 96
D0 204 Lys1,3 PEMJET 97
VALTSLG)eGRAD(JHINSLJ)OVANCT) PENJET 9
VPLT,LE)eViToLI)-VALL,LY) PENJET 99
ARCY,LIDaVALT,LI)/IVANLY) PENJET 100
206 PRUT,LIISVPLI,LINIVPNLT) PENJET 101
RGRAD(E, 1) =VPN(T 142, /RADIUS (JNEIN)#42 A PENJET 102
RGRADI152)40.0 PENJET 103
RGRADIT,3) sVANIT)#2,/PENIININ) 002 PENJET  10¢
RGN(I)=SQRT{RGRAD (I, 119926 RGRAD (I, 3) 482} PENJET 105
RGPADII,1)=RERAD(1,1) /RGA(T) PENJET 106
RGRADIT,3) sRGRAD(153) /RGN(T) PENJET 107
00 214 Lye1,23 PENJET 108
214 GRAD(IoLJI=RGRAD (To1)OPRIT,LID4RGRADUI+3) ®AR(T,LY) PENJET 109
GMeSORTIGRAD [T+ 11902+GRAD( I52)¢424GRAD(T, 310 02) PENJET 110
00 219 Lislv3 PENJET 1D
; 219 GRAD(IsLJ1eGRAD(TISLII/GN PENJET 112
 : o010 281 PENJEY 113
i ¢ PENJET 114
5 c CONTINUOUS PENETRATION AKIS I5 ALONG PARTICLE FLIGHT AXIS. PENJET 113
| 3 PENJET 116
1999 VECT=SORT(X(I)#924Y(T1)}#4#24(Z(1)1425UB0-(DS(1)+DS2)40S(31)73,1902) PENJEY 117
GRADIIs 1)eX(TD/VECT PENJET 118
GRADIT,2)eY(1)/VECT PENJET 119
GRAD(13)e{Z(1)42SUBD-(DS(11¢DS(21408(311/3,)/VECT PENJET 120
251 PENMAXIKZEUN)=XL (1) /GANMA+PENNAX (KZSUN) PENJET 12
TF(I.EQ.1 .OR. NOG.EC.2 .OR. NCC(I).EQ.1)60TD 262 PENJEY 122
c PENJEY 123
¢ EFFECTTVE LENGTH AND EFFECTIVE VELOCITY CALCULATIONS. PENJET 124
3 PENJEY 125
XLET)eGRAD(I,3)XL(T)¢SQRT(GRAD (1, 1) #024GRAD(T,21982) PENJET 126
1 *DTALT) PENJET 127
VELUI)=GRADII,3)¢VEL(T) PENJET 128
¢ PENJET 129
c PEJETRATION CALCULATIONS AS A FUNCTION OF EFFECTIVE VELOCITY, PENJET 130
3 PENJET 131
IFLVELIT). 6T, .8) GO TO 260 PENJET 132
PEN(1) 0.0 PENJET 133
‘ RADTUS(1120.0 PENJET  13¢
: UC1120.0 PENJET 133
- HYOL(1)20.0 PENJET 136
G0 T0 209 PENSET 137
260 TF(VEL(T)I.GT.1.4) GO TG 261 PENJET 1238
UI1320.0 PENJET 139
HVOL (1 JeXKE(T)/ECONST PENJET 140
PEN(IDe(VEL(T)-. 01092/, 72¢XL (1) PENJET 161
RADIUS {T)+SORTII.OHVOLIT) /12.¢3.14159¢PENIT)D) PENJET 142
60 10 209 PENJET 143
261 TF(VELIT).6T.2.160 TO 262 . PENJET 144
Ut1120.0 PENJET 145
HVOL{1 )= XKELT)/ECONST PENJET 146
PENCTNe (=(VEL(I)=~2,1992/,72+1.)0XL(T) PENJET 147
RADTUS ([)=SART(3.OHVALII] /(2.#3.14159¢PENIT) D) PENJET 148
60 70 209 PENJET 149
262 RAD=SORT(VEL (1) #92¢RHOJSRHOT~2. ¢ (RHOJ-RHOTI# (STGI-STGTI/1.€E6) PENSET 150
ULT)=(RPOJSVELITI-RAD) /(RHOJ~RHCT) PENJET 151
PEN(T) @ (RHDJOVEL (TIOXL (1)=XLUT)ORAD) 7 {RAD-RHOTOVEL(T)) PENJET 152
HVOL (1) eXKECT)/ECONST PENJET 153
RADEUS(11SQRT(I, OHVOL (1) /(2,93 141599PENCTI)) PENJET 134
68
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209 CONTINUE
279 WRITF(6,201)
211 FORMAT(LIH1,10Xs *PARTICLE s SKo*HOLE »OR, *TMPACT Vo 3Ny *PENETRATION ¢»
LOPENETRATION® »OX9 *STATUS P 12Xy *NUNBER 9 IXe®VOLUNE s 8Xo *TTME®, 17X,
2 CVELOCITY 9 /923X ' (CUMR)  (NICROSECI*H4X, " INN)?, 5ot (NN/Y,
3 THICROSEC)*» /)
00 213 Jel,NPARY
TFINCCII).EQ.1060T0 281
WRIVEC(Ge 2121 E)HVOL(T e TUT) o PENIT Yo UL ) o NPA, NPAR NPAR Y
G0 TD 213
201 MRITE(69212) Lo HVOL(T ) TCTIoPENLT),UCT), FCO)NCON, NCONT
212 FORMATUIAN, 129 TXoF 602 4KsFB. Lo TN Fe . 1o BXo FS. 3o Thy SAG )
213 CONTINUE
PHAX=0.0
00 215 TelsNPART
TE(ICIVLLE.PNAX) GO TO 213
PHAXSI(LY
DPNAX=PENE])9GRADI(I»I)
215 CONTINUE
PENSUN=PRAXCDPMAX
PENTIKZSUM) e PENSUN
MRITE(8,218) PENSUN
216 FORMAT(EHO»10X,* THE TOTAL PENETRATION PREDICTED 8Y THIS ‘¢
1 YPROGRAM IS ,F6.1s" NAY)
PRINY 237, ISUSO
257 FORMATIING»10Xs *THESE VALUES WERE CALCULAYED AT A STANDOFF ¢,
1 ‘OF '»F0.0e" MN,%)
WRITE(6e220)
220 FORMATI1M1S14Xe%X,sY, AND T COOROINATES PENETRATION NAX CRAY,
1 YTER RADIUS AXIAL DIRECTION OF PENETRATION')
DD 218 IelyNPARY
WRITE(6220TIT XTI Y ET)» 2T, PENIT )9 RADIUSIT)HGRAD(,L ),
GRAD(I+2),GRAD(I, )
217 FORNAT(11X» 129 5F10.2,3F10.4)
2180 CONTINUE
00 263 Is=1,NPART
VEL(I) sRVELLT)
KWAL(T )0
263 xULUI)eRLUD)
IF(I13UBO.LT. INAX) GO TO 250
MRITE( 69 290)
290 FORMATUINL,* VIRTUAL ORIGIN ZO(KM) PENETRATIONINR) HAX *,
+ PENETRATIONINN) 9 /)
00 209 1¢1,KISUN
209 WRITE(69292)ISUBCI)PENTII ), PENNAXLT)
292 FORMAT(10XeF 5.0, T32,F7.257555F7.2)
515 CONTINUE
505 FORMAT(1HY)
00 510 JN= 1leNPART
VOL(JN) w0,
XL{IN) =0,
510 DIA(INI=O,
300 CONTINUE
sToe
11,1
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"JETBREAK"

BREAK(N) - breakup time of particle N in usec
1 .
BROK 2) - observed number of jet particles already particulated as of
3 1
exposure 2
3

1 1
FLASH 2} time after detonation of round for exposure of film 2
3

PBAR -
PBYPZ -

statistical variables used in calculation of breakup time
PBYTZ -
TAVG -
TDLAY - time delay between detonation of round and formation of jet
Z1 - time between breakup of adjacent jet particles
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Figure Al. A Diagrammatic Sketch Identifying Some DRIFT Variables
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“DRIFT"

AVST (I) - the axial velocity divided by the transverse velocity for
particle I

AZ (1, T)
AZ (2, I)} - deviance of particle I with respect to the reference on

AZ (3, I) 1
exposure 2
3
BETA (I) - absolute angle formed between drifting reference and particle I
DS (1) 1
DS (2) - virtual origin calculations based on exposure 2
DS (3) 3
EPS (1, I)
EPS (2, I)
EPS (3, I)
EPS (4, I)}- estimate for sensitivity of transverse velocity V with respect to
EPS (5, I) av
small changes in drift angle © (of the form B AB) using all
combinations of drift velocities and drift angles calculated from
the 3 radiographs
6 1
EPSUM - I =msrr— & constant used to scale the EPS values to their
’ EPS(K, I) <
K=1 proper magnitude
KD 12 1 2
KD 23 - a constant relating time delay between exposures 2 and 3 used in
KD 13 drift velocity calculations 1 3
MAXDEX - the particle # that satisfies TMAX
MINDEX - the particle # that satisfies TMIN
PHI (I) - the supplementary of the relative drift angle between particle I
and the reference
R (2)} - correlation coefficient for V, vs. VT plot for reference drift
R (1) angle presently being analyzed.
previously
Sl (I) 1
S2 (I) - axial distance from charge base to particle I on exposure 2
s3 (I) 3




T1 (I
T2 (I)} - estimated existence time from creation of particle I to exposure
T3 (I) 1

of film 2.

3

THETAO - initial guess at direction of reference drift
TMAX - the angle of the particle which is most clockwise fcounterclockwise
TMIN in the relative angular span.
TH12 1 2
TH23 - relative drift angle calculated from governing equations 2 and 3
TH13 1 3
THV - the numerical average of TH12, TH23, and TH13

THETA (I) - the relative drift angle of particle I with respect to arbitrary
origin (chosen parallel to film 2) (degrees).

THOR - the current reference drift angle being tested

VETR12 1 2
VETR23 - relative transverse velocity calculated from equations 2 and 3
VETR13 1 3

VETRAV (1) - relative transverse velocity of particle I based on weighted values
of VETR12, VETR23, and VETR13 (m/s)

VTABS (I) - absolute transverse velocity of particle I (m/s)
VTO - transverse velocity of particle reference (m/s) H
VX0 - x component of drift velocity for the reference
VYO -y
VX (I) - x component of relative drift velocity for particle I
W -y !
WT (I) - the percentage weight that an individual drift velocity calcula-

tion contributes to the overall average.
ABAR -
ABYAS
AS
co
col
Cco2 ) statistical variables used in V, vs V_, regression

A T

TBAR
TBYAS
'rsv'rs/
XINT

; TS
|
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Figure A2: A Diagrammatic Sketch Identifying Some PENJET Variables.
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""PENJET"'
T (I) - impact time of particle I, taken from virtual origin
X (I) - spacial coordinates for top of particle I at any given time
Y (1) (and eventually upon impact) X = 0, Y = 0 denote where charge
Z (1) axis intersects target plate; Z = 0 is target surface.
DELT - time increment (varied so that particle travels 3 mm/timestep)
U (I) - penetration velocity of particle I (calculated only in the

hypervelocity regime e.g. above 2 mm/usec)

RADIUS (I) - crater radius of particle I

PEN (I) - penetration of particle I
HVOL (I) - hole volume created by particle I
v{I, 1 X
VvV (I, 2) the y components of a vector drawn from the center of
vV (I, 3) z
crater J (through which particle I is instantaneously passing)
to the tip of particle I
S
VM (1) - magnitude of vector V
VA (I, 1) X A
VA (1, 2) the y components of vector VA which is in itself the component
VA (1, 3) z
of vector V‘pointing axially down crater J (the crater through
which particle I is passing)
VAM (1) - magnitude of vector VR
VP (I, 1) X Y
vP (I, 2) the y components of vector VP which is in itself the component
VP (I, 3) z A
of vector V pointing perpendicular to the penetration axis of
crater J (Eﬁyough which particle I is passing).
Note that VA + VP = V
) VPM (I) - magnitude of vector Vﬁ
RGRAD (I, 1) b
. RGRAD (I, 2)) the y components of a vector that is perpendicular to crater J
RGRAD (I, 3) 2
at the point of impact of particle I, but in the coordinate
system of crater J (e.g.,the Z' axis points down the axis of
crater J)
RGM (1) - magnitude of vector RGRAD
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GRAD (I, 2)

GRAD (I, 1)
GRAD (I, 3)

GM (1)

AR (I, 1)
AR (I, 2)}
AR (I, 3)

PR (I, 2)
PR (I, 3)

| PR (I, 1)}

NCC (I)

ECONST
ZSUBO
RHOQJ
RHOT
SIGJ

SIGT

NQ = 2

KZSUM

PENMAX (K)

x

the y components of a vector that is perpendicular to crater J
z

at thg point of impact of particle I, and in laboratory

coordinate system (e.g., the axis points perpendicular to the

target surface);G becomes the axis of penetration for

crater I according to refracted particle wave theory

. —
magnitude of vector GRAD

Y
a unit vector version of VA

a unit vector version of V?

equals 1 when particle I is particulate; equals O when I is
continuous

energy constant used for calculating crater volume (J/mms)
standoff (mm) from virtual origin to target surface

jet density p,(g/mms)

target densiti pt(g/mms)

jet strength (MPa)

target strength (MPa)

b 1p)*

the last crater number that particle I has been known to
successfully have passed through

the penetration resulting from PENJET calculations
particle I is travelling down hole profile

particle I has just struck target; t is decremented until
precise impact time is revealed

particle 1 has drifted so far off course as to preclude entry
into any part of the hole profile; it therefore strikes the
target surface

number of standoffs at which PENJET has just analyzed a drift
distribution

the greatest possible penetration at standoff #K
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ZSUB (K) - an array of the standoffs at which PENJET has just been run

PENT (K) - penetration predicted by PENJET at standoff #K
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